ABSTRACT: High-energy-resolution fluorescence-detected Xray absorption spectroscopy (HERFD-XAS) has been applied to study the chemical state of ∼1.2 nm size-selected Pt nanoparticles (NPs) in an electrochemical environment under potential control. Spectral features due to chemisorbed hydrogen, chemisorbed O/ OH, and platinum oxides can be distinguished with increasing potential. Pt electro-oxidation follows two competitive pathways involving both oxide formation and Pt dissolution.
INTRODUCTION
The oxidation behavior of Pt in electrochemical environments is of considerable technological interest, since the performance and long-term stability of low-temperature fuel cells are largely determined by surface processes occurring at oxidizing potentials at the Pt cathodes, for example, H 2 O and O 2 adsorption and dissociation, oxide formation, 1,2 and Pt dissolution. 3−6 The influence of the nanoparticle (NP) size and structure on their oxidation behavior is also important, since high metal dispersion (i.e., small particle sizes) is mandated by the high cost of platinum.
Several studies have suggested that the specific activity (i.e., reaction rate per exposed surface atom) of Pt NPs toward the oxygen reduction reaction (ORR) decreases with decreasing NP size and drops precipitously below ∼3 nm. 7−19 Nevertheless, because the proportion of accessible Pt sites increases with decreasing size, the mass activity assumes a maximum at ∼2−4 nm NP size. This phenomenon, which limits the degree to which catalysts can be dispersed, possibly arises from the stronger binding of oxygen to smaller NPs. 20, 21 In particular, higher surface concentrations of chemisorbed OH, O, or PtO x species may hinder the reduction of O 2 . 21, 22 Knowledge of the chemical state of Pt under oxidizing conditions is needed for an understanding of the degradation of fuel cell performance during long-term operation, due primarily to the loss of electrocatalytic surface area at the cathode at high potentials. Several degradation mechanisms have been proposed and discussed somewhat controversially, in particular, Pt dissolution, 3, 4 corrosion of the carbon support, 23 detachment of entire particles, 24 and NP growth via Ostwald ripening or agglomeration. 3, 4, 23 Instead of contributing to Ostwald ripening, dissolved Pt species can also be trapped in the polymer membrane, where they cannot participate in the electrochemical cycle. 5 These effects depend on NP size: more extensive dissolution and coarsening is observed with decreasing NP size. 4 The mechanism by which the oxidation state of Pt affects cathode degradation is still not well understood. Some reports assign the stabilization of Pt NPs against dissolution to the formation of a passivating surface-oxide layer at the highest potentials, 25, 26 whereas a more rapid Pt dissolution was observed at intermediate potentials, 6, 26 where the NP surfaces are only partly oxidized. 26, 27 These studies furthermore suggest that NP stability depends on the rates of Pt oxidation and reduction, 26, 27 which can be externally controlled using different voltage sweeps. The degradation of Pt NPs might therefore be influenced not only by their overall oxidation state, but also by their surface morphology and structural order. 28 To elucidate the relationship between the structure and operational characteristics of a nanosized electrocatalyst, one must study well-defined samples in situ under operating conditions. Here, we present an in situ study of the chemical state of size-selected Pt NPs on a glassy carbon (GC) support using high-energy-resolution fluorescence-detected X-ray absorption spectroscopy (HERFD-XAS) at the Pt L 3 edge.
EXPERIMENTAL SECTION
2.1. Sample Preparation. Two samples with different average NP size distributions were prepared by dissolving H 2 PtCl 6 into polystyrene-b-poly(2-vinylpyridine) polymeric solutions [PS(16000)-b-P2VP(3500) in toluene] containing inverse micelles. 37 The Pt salts were added to the solutions in a nitrogen-flushed glovebox, and the quantities of Pt added, which determined the final sizes of the Pt NPs, were chosen to give metal-to-P2VP ratios of 0.1 (sample S1) and 0.05 (sample S2). The solutions were stirred for 2 days at room temperature to ensure complete dissolution of the H 2 PtCl 6 into the micelles. Subsequently, the solutions were dip-coated onto SiO 2 (4 nm)/ Si(111) wafers (used for AFM imaging) and onto polished glassy carbon disks (for XAS measurements). The polymer shells were then removed using an ultrahigh vacuum oxygen plasma source (SPECS, GmbH), which leaves behind oxidized platinum NPs. 20, 38 2.2. Sample Characterization. X-ray photoelectron spectroscopy (XPS) measurements were performed in normal emission using a monochromatic Al-Kα (1486.6 eV) X-ray source and a hemispherical energy analyzer (Phoibos, SPECS GmbH) with a fixed pass energy of 18 eV. Binding energies are referenced to the C 1s photoemission line of glassy carbon (283.9 eV). Using the least-squares fitting routine in the CasaXPS program, Pt 4f spectra were deconvolved into peaks corresponding to Pt 2+ in PtO (72.29 eV for 4f 7/2 ) and Pt 4+ in PtO 2 (73.89 eV 4f 7/2 ). The positions of the Pt 4f 7/2 peaks were allowed to vary, while the magnitude of the spin−orbit splitting, ΔE, between the 4f 7/2 and 4f 5/2 peaks was fixed at +3.33 eV. Asymmetric modified Gaussian−Lorentzian (G-L) line shapes were used, with full-widths at half-maximum of 2.0 eV (fitted) for Pt 2+ and 1.5 eV (fitted) for Pt
4+
. The 4f 5/2 :4f 7/2 intensity ratios were fixed at 0.75. Adding metallic (Pt 0 ) components at 71.0 and 74.3 eV did not improve the quality of the fits, corroborating the oxidized state of the as-prepared sample.
Atomic force microscopy (AFM) images were obtained in tapping mode with a Veeco Multimode AFM and Si tips. Particle heights were determined from line profiles measured across individual NPs.
2.3. In Situ XAS Measurements. The electrochemical cell used for the in situ measurements consists of a PEEK tube that contains the electrolyte, a counter electrode (glassy carbon) and an Ag/AgCl reference electrode. Contact with the working electrode is established through a free-standing meniscus in the ∼2 mm gap between the tube and the sample surface. 33, 34 A 0.1 M HClO 4 electrolyte was made from 70% HClO 4 (Trace Select Ultra, Sigma-Aldrich) and ultrapure water from a Millipore Gradient system. All potentials were converted to the scale of the reversible hydrogen electrode (RHE) using the measured onset of H 2 evolution on the sample surface.
The HERFD-XAS spectra were acquired at beamline 6-2 at the Stanford Synchrotron Radiation Laboratory (SSRL) using a Si(111) monochromator in combination with a Rowland circle analyzer spectrometer comprising five spherically bent Ge perfect crystals (R = 1 m). The crystals were aligned in a backscattering geometry using the (660) Bragg reflection at 80.0°to select the Pt Lα 1 fluorescence line (9442 eV). The combined resolution of the monochromator and analyzer determined by measuring the elastic scattering was 1.6 eV. The sample was aligned in grazing incidence, with the electric field vector oriented parallel to the surface. The incident photon energy was calibrated using the transmission-mode XAS spectrum of a Pt foil placed in the beam after the sample. A value of 11564 eV was assigned to the inflection point of the leading edge of the Pt foil spectrum. HERFD-XAS measurements were obtained for both samples S1 and S2 in the asprepared state with the electrochemical cell flushed with dry N 2 . In situ electrochemical measurements were performed only on sample S1.
In HERFD-XAS, 29−31 the effective core−hole lifetime is significantly reduced compared to conventional XAS. Since absorption at the Pt L 3 edge excites 2p electrons to either a single resonance associated with 5d holes or to s and d continuum states, the sole effect of HERFD-XAS when applied at the Pt L 3 edge is to sharpen features observed in conventional XAS. In particular, changes in the near-edge absorption maximum or "white line" can be resolved more clearly. The "white-line" at the Pt L 3 edge arises from 2p 3/2 to 5d transitions, and its intensity has been shown to be proportional to the unoccupied 5d electron density of states, 32 which is very sensitive to changes in the chemical environment of the Pt atoms. Chemisorbed oxygen species and Pt oxides are therefore more readily distinguished using HERFD-XAS than with conventional XAS. 29,33−36 The X-ray absorption near edge spectra (XANES) were fitted using a sum of two pseudo-Voigt (Gaussian−Lorentzian product) peaks (eq 1) after subtraction of a background consisting of an arctangent function (eq 2):
The height of the arctan jump (A bg ) was varied to match the value of μ(E) at energies between 11572 and 11574 eV, while its position (E bg ) and width (ΔE bg ) were fixed. The parameters which were allowed to vary were the heights (A 1 , A 2 ) and FWHM's (ΔE 1 ,ΔE 2 ) of both peaks. The G-L mixing proportions (m 1 , m 2 ) and peak positions (E 1 ,E 2 ) were fixed, except at −0.04 and 0.16 V, where E 1 was allowed to vary to account for the hydrogen-induced shift in the white-line.
RESULTS AND DISCUSSION
The sizes of the NPs used to prepare sample S1 were determined by AFM [ Figure 1a ] using a flat SiO 2 /Si(111) wafer as a substrate, since the NPs were too small to be imaged on the rougher GC surface used in the electrochemical experiments. The observed size distribution shows a mean NP height of 1.2 nm with a standard deviation of 0.4 nm [ Figure 1b ]. AFM measurements were also made for sample S2 (not shown), and though the particles were detectable, the roughness of the underlying silicon wafer (∼0.5 nm rms) was too high to quantify the particle heights accurately. The particles were clearly smaller than those of S1, however, and the majority appeared to be <1 nm in height.
Pt 4f XPS spectra shown in Figure 2 reveal that the asprepared, GC-supported NPs exist primarily in the 4+ oxidation state, that is, as PtO 2 . 20, 38 There is a dominant Pt 4f 7/2 peak at 73.9 eV arising from PtO 2 , and a minor contribution at 72.3 eV due to Pt 2+ (PtO), but no detectable Pt 0 . When comparing two samples with different average NP size distributions, the largest initial content of PtO 2 species was observed for the smaller NPs: sample S2 comprises 83% PtO 2 and 17% PtO, versus 68% PtO 2 and 32% PtO for sample S1. The HERFD-XAS spectrum of the as-prepared sample S1, which was recorded in an atmosphere of dry N 2 [see Figure 3a and Figure 4a] , is accordingly similar to previous HERFD-XAS measurements of highly oxidized platinum NPs and thin films. 34, 39, 40 The corresponding spectrum of the as-prepared sample S2 (to be discussed below, see Figure 5 ) showed an even more intense white line, consistent with the greater proportion of Pt 4+ observed in XPS. To characterize the chemical states of the GC-supported NPs under electrochemical conditions, sample S1 was loaded into the hanging-meniscus electrochemical cell, 33, 34 which allowed us to probe the sample surface with hard X-rays at grazing incidence while in contact with 0.1 M aqueous HClO 4 . The sample was first exposed to the electrolyte while holding the potential at −0.04 V. Spectra were acquired consecutively at this potential until the signal stabilized and the Pt NPs were completely reduced. The potential was subsequently increased to +1.26 V in steps of 100 or 200 mV; HERFD-XAS spectra were acquired at each potential. The spectra obtained during this anodic sweep are shown in Figures 3a and 3b , respectively. As the potential is increased from −0.04 to 1.06 V, the main Pt L 3 edge absorption resonance or "white line" becomes narrower and more intense, and shifts by ∼0.5 eV to lower energy. From 0.96 to 1.26 V, the white line broadens substantially and shifts to higher energy by ∼1 eV.
The broadening of the Pt white line, which begins at 0.96 V, originates from the formation of platinum oxides. 33, 34 Most of the broadening occurred within the narrow potential interval from 1.06 to 1.16 V. Oxide formation at 1.16 V was followed with individual XAS scans on a time-scale of ∼35 min [ Figure 3 b]. To describe the potential-dependent changes of the whiteline shape and intensity in a simple manner, the spectra were deconvolved using an arctangent function to describe the absorption edge jump and two symmetric pseudo-Voigt peaks, one at lower and one at higher energy. In the following, we refer to these peaks as "metallic" and "oxidic" components, 
33,35
In comparison with size-selected Pt NPs, significantly higher potentials are needed to achieve a similar amount of oxide formation.
respectively, since Pt metal and Pt oxide spectra are largely dominated by the respective peaks [see reference XANES spectra in Figure 5a ]. However, a minor amount of the highenergy peak is needed throughout the potential range where Pt is purely in the metallic state (−0.04 to 0.76 V) to account for the asymmetry of the white-line shape. This effect is most pronounced at the lowest potentials and arises from hydrogen chemisorption, which is known to lead to a high-energy shoulder in XANES spectra. 44−46 As shown in Figure 4a , good fits could be obtained for all spectra from 0.56 to 1.26 V, as well as for the dry, as-prepared sample, by allowing only the peak heights and widths of the metallic and oxidic components to vary. The positions of the metal and oxide peaks and the position and width of the arctangent function were fixed in all fits. Because of the H-induced energy shift and broadening, the position of the metallic peak had to be varied to fit the spectra obtained at −0.04 and 0.16 V. Results of these fits can be found in the Supporting Information, Table S1 .
The areas of the fitted metallic and oxidic components, as well as their sums, are plotted in Figure 4b as a function of applied potential. The sum of the individual peak areas can be compared to the "integrated white-line intensity" often used in conventional XANES to indicate Pt oxidation state. 41−43 The broad high-energy shoulder observed in the spectra obtained at low potentials (−0.04 to +0.2 V) arises from chemisorbed hydrogen 44−46 [open symbols in Figure 4b ], and completely disappears at +0.36 V. Between +0.36 and +0.76 V, the intensity of the oxide component is essentially negligible, while the metallic component grows steadily without shifting in energy, which is characteristic of an increasing coverage of chemisorbed oxygen species on the surface of the NPs. Previous FEFF 47 calculations of adsorbate structures on 1 ML Pt/Rh(111) showed little difference between the HERFD-XAS signatures of chemisorbed O and OH, 34 so we refer to it simply as chemisorbed O/OH. The oxide component first appears at 0.96 V, and increases most markedly while holding the potential at 1.16 V, see Figure 3b . Only a small additional increase in the intensity occurs upon further increasing the potential to 1.26 V, where it appears to approach an upper limit. At the same time, the intensity of the metal component decreases, consistent with the conversion of metallic Pt to PtO x . Although the oxide component of the sample in the electrolyte appears at the same energy as that of the dry, as-prepared sample, which consists mostly of PtO 2 , it is somewhat broader (3.9 eV vs 3.2 eV FWHM). In addition, the peak intensity of the white line appears to saturate at a much lower value than that of the PtO 2 -rich, as-prepared sample, indicating the presence of Pt in oxidation states lower than 4+, for example, 2+ (as found in PtO).
An accurate interpretation of the above spectra is challenging because of the lack of high-purity experimental standards for Pt oxides and the large uncertainty of the absolute energy scale in FEFF calculations. Nevertheless, to assess the composition of the NPs during electrooxidation, linear-combination fits were performed over an energy range from 11556.2 to 11585.3 eV using as standards the measured spectrum at 0. Table S2 . This analysis using different combinations of phases at 1.26 V suggests that 0−20% of the Pt atoms in S1 may be present as PtO 2 , up to 75% exist as PtO or Pt 3 O 4 , and 25−50% of the total XAS signal is due to Pt atoms remaining in the metallic state.
The GC-supported Pt NPs examined here appear to exhibit an onset potential for oxide formation that is somewhat lower than the value identified for electrochemically deposited Pt overlayers on Rh(111) (∼1.0 V), which have also been studied using HERFD-XAS. 33, 35 Moreover, the growth of Pt oxide in the present case is much more rapid. In particular, an almost identical shape of the white line as what is seen with Pt/ Rh(111) at 1.6 V, Figure 3c , is already reached for our sizeselected 1.2 nm NPs at 1.26 V, Figure 3a . This difference is most likely due to the stronger interactions between Pt and the Rh support, where the compression of the Pt lattice results in a decrease in the strength of the O/Pt binding and an increase in the energy barrier for O atoms to reach subsurface sites. Moreover, an increase in the metallic cohesion energy induced by Pt−Rh interactions apparently prevents dissolution of Pt, thus allowing only for the Pt/O place-exchange pathway 48 to contribute to Pt oxide growth. Pt dissolution does occur, in contrast, in carbon-supported Pt NPs at high potentials 3−6 and was also observed in a Pt/Au(111) model catalyst. 26 In the latter case, an alternative, more rapid pathway for Pt oxide formation through a dissolution−precipitation mechanism might be dominant. A comparison of the white line intensities (determined by direct integration of HERFD-XAS spectra between 11555 and 11571 eV) of 1.2 nm Pt/C, electrochemically prepared Pt/Au(111) and Pt/Rh(111) samples as a function of electrochemical potential is shown in Figure 4c . In our study, the magnitude of the Pt fluorescence signal, determined primarily by the Pt mass loading of the sample, was observed to decrease over the course of the experiments, suggesting dissolution of Pt to some extent. The fact that the Pt did not dissolve completely suggests that the formation of a PtO x shell could passivate the NPs 25, 49 and that dissolution might occur most rapidly when the particles are only partially oxidized.
CONCLUSIONS
Our experiments revealed that the chemical state of Pt NPs on glassy carbon in 0.1 M HClO 4 can be divided into three distinct potential regimes: hydrogen chemisorption between 0 V and ∼0.3 V, oxygen chemisorption (as OH or O) between 0.3 and 0.96 V, and platinum oxide formation at or above 0.96 V. Since the small NPs bind oxygen more strongly and form oxides more readily, these results suggest that to ensure not only high reactivity, but also long-term stability of Pt/C fuel cell cathode electrocatalysts, a compromise must be made between maximizing the number of active surface sites (e.g., by decreasing the NP size and increasing the surface-to-volume ratio) while minimizing Pt dissolution processes typical of small NPs such as the ones investigated here. 
